The angular dependence of light scattering off a trap filled with cold, bosonic atoms is computed via Monte Carlo. Though still substantial, the enhancemnt at small angles and temperatures is far smoother than previously estimated for an infinite, uniform medium because there is no phase transition.
I. INTRODUCTION
The Bose statistics of trapped atoms give a large enhancement to small-angle light scattering when there is a macroscopic occupancy of the lowest trap state(s). This is an atomic analog of stimulated emission of photons. In particular, the transition rate for atoms between trap states i and f with occupation numbers n i and n f is proportional to n i (n f + 1).
Hence, Rayleigh scattering or fluorescence will be largest for momentum transfers to the photon that correspond to atoms moving to and from highly occupied states. Such Boseenhanced atomic motion and the consequent light scattering is, therefore, directly related to the degree of Bose condensation. This phenomenon provides not only a signal but also a detailed map of the state of the atoms. Also, it may prove to be an important element in applications of Bose-condensed gases because it is a dramatic mechanical effect proportional to the degree of macroscopic quantum coherence of the cold atomic gas.
Estimates of this effect were given in the idealized limit of an infinite, uniform medium of non-interacting atoms [1] . To make quantitative predictions that are relevant to current experiments [2] [3] [4] , one must account for a few, very important, particular features of the actual, physical systems. A realistic calculation involves overlaps of the localized trap wave functions. For the present calculations, I use the simplest idealization: an isotropic, harmonic oscillator. Light scattering then has two distinct parts. There is diffraction resulting from "recoilless" transitions: all atoms remain in their original trap states; and the relevant amplitudes are added coherently. And there is photon scattering in which the struck atom changes state.
Perhaps more surprisingly, the thermal physics and statistical mechanics of a cold trap taken as a whole are dramatically different from those of an extended medium [5] , at least in the dilute gas limit in which the interparticle interactions can be ignored. In particular, the standard statistical formulations, i.e. microcanonical, canonical, and grand canonical ensembles, are inequivalent to one another in the "thermodynamic limit." No matter how large the number of particles N, the predictions of the different ensembles remain qualitatively different. In particular, only the grand canonical ensemble has a Bose-Einstein phase transition at finite temperature. There, the critical temperature is given by [6] 
where T , as for all the rest of this paper, is in units of the harmonic trap level spacing, i.e. It is the microcanonical ensemble that is most appropriate for the current evaporatively cooled, carefully isolated experiments with alkali atoms in magneto-optical traps. In the absence of adequate analytic tools, Monte Carlo numerical calculations give a fairly straightforward representation of the physics, at least in the dilute gas limit. This note sketches the techniques, salient features, and results pertaining the angular dependence of light scattering from an optically thin, cold atom trap. The effects of Bose statistics are large and potentially significant in observing and ultimately using cold Bose gases.
II. THE SCATTERING AMPLITUDES
As in ref. [1] I take the underlying photon-atom scattering process to be isotropic. Then the scattering amplitude for a photon to knock an atom from a trap energy eigenstate i to a state f and have its own momentum altered by a momentum transfer δ is proportional At large angles, only the 1 in (n f + 1) contributes significantly. Hence, for studying the Bose enhancement, it is appropriate to define a relative scattering rate R(δ) that is normalized to the rate at large angles. Using elementary quantum mechanics, one can express R as a sum of overlap integrals times statistical level-occupancy correlations.
III. MONTE CARLO TRAP STATISTICS
A Monte Carlo calculation involves literally generating an ensemble of N-particle configurations, distributed according to the appropriate statistics. I found it most efficient to begin with a canonical ensemble. Configurations can be generated by assigning each of the N particles successively, at random, to one-particle oscillator states, each weighted by its Boltzmann factor times (n + 1), where n is the number of particles already assigned to that one-particle state. (The degeneracies due to the assumed isotropy can greatly simplify the book keeping.) One important quantity that can be calculated is the average total energy E for each T. For N = 10 3 , this relation is represented in figure 1 by the dotted line, which is just a smooth curve drawn through the results at ten particular values of T . Statistical uncertainties in each quantity can be estimated by comparing results for different subsets of the ensembles generated. By that method, I estimate the N = 10 3 data presented here to be good to 1%.
A microcanonical ensemble was generated from the same algorithm but with the further restriction that the total energy E of each configuration saved be within ± 1 2 % of the previously determined average E for that T . It is convenient for comparison still to use T as a label and speak of the various temperatures. Strictly speaking, the microcanonical T 's are expectations for fixed E's, the conversion given by the dotted line in figure 1 . Using 5400 configurations distributed among eight different temperatures, I computed all the oneand two-level occupation expectations. These had typically a 5% statistical uncertainty.
The E-T relation and the scattering rate R each involve all the particles and levels. They therefore have smaller uncertainties; I estimate 1% at each T . Hence, the largest error in the graphs is the uncertainty in the spline used to connect the discrete, calculated T values.
It is the microcanonical energy restriction that limited the present calculation to N = 10 3 .
Since the hardware and software used were comparatively primitive, simulation of a larger system should be quite feasible. Note, however, that the canonical ensembles for N = 10 4 , 10 3 , and 10 2 are qualitatively quite similar, as are the microcanonical N = 10 3 and 10 2 . This is ample evidence that N = 10 3 is already sufficiently large to draw interesting conclusions.
IV. DISCUSSION OF RESULTS
For N = 10 3 , the region of interest is 0 ≤ T ≤ 7 or 0 ≤ E/N ≤ 17.5, where T and E are 
V. FREE EXPANSION
Allowing the gas a period of free expansion, with all trapping forces removed, before illumination, is an effective means of visualizing a combination of position and momentum space information. This technique was crucial to the first identification of Bose condensation [2] . However, this procedure destroys the effects described in this paper. The forward diffraction peak is limited to increasingly smaller angles as the cloud grows. Furthermore, different momenta become spatially separated. Hence, when a photon changes an atom's momentum by a small amount δ , there may no longer be any atoms of similar momenta nearby. This is reflected by the appearance of an additional factor exp(
where t is the elapsed time, within the overlap integrals. 
